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Overview
A simple kinetic transport theory predicts strong linear dependence
of edge intrinsic toroidal rotation on R̄

X

.

= (R
X

�Rmid)/a, with R
X

the major-radial position of the X-point.
I “Edge” means the radial range of a cm or so both inside and

outside the LCFS, where spatial variation is rapid.
I An analytic calculation yields a simple formula vpred for the

toroidal rotation at the core-edge boundary.

A series of Ohmic L-mode shots on TCV, scanning R̄
X

, showed:
I Entire rotation profile shifts rather rigidly as R̄

X

changes.
I Linear dependence of edge rotation on R̄

X

(X)
I Rotation sign change for adequately outboard X-point (X)
I Fits of rotation vs R̄

X

give reasonable values for theory’s two
input parameters (X)
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Outline

I Theoretical model
I Assumptions
I Ingredients of analytical calculation
I Cartoon of model
I Resulting predictions

I Experiment
I TCV features
I Rotation profiles for different R

X

I Qualitative and quantitative comparison with model
I Consideration of other models
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Experimentally, tokamak plasmas rotate spontaneously,
without external torque.
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I Co-current in the edge. I Spin-up at L–H transition.
I v

f

/v
ti

⇠ O(0.1) at the core-edge bound. I Roughly proportional to W /I
p

.

I Edge rotation proportional to T or —T?
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Rotation

Edge orderings relevant for intrinsic rotation

Influence of SOL=)nonlocal, steep gradients, strong turbulence, very anisotropic
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Model

Rotation

A simple kinetic transport theory models edge intrinsic
rotation.
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Extremely simple kinetic transport model contains only:
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I Free flow along the magnetic field
I Radially-directed curvature drift
I Radial diffusion due to turbulence

I Diffusivity stronger outboard, decays in x

I Two-region geometry
I Confined edge: periodic in q

I SOL: pure outflow to divertor legs

After some variable transforms, obtain steady-state equation
∂

q̄

f
i

= D
eff

�
vk
�

∂

x̄

�
e�x̄

∂

x̄

f
i

�
,

in which D
eff

depends on the sign of vk.
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Asymmetric diffusivity caused by drift orbits’ interaction with
ballooning transport and X-point angle.
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Rotation

Asymmetric diffusivity caused by drift orbits’ interaction with
ballooning transport and X-point angle.
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Edge rotation may become counter-current for outboard X-point!
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Suprathermal ions drive a robust momentum flux.
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Vanishing momentum transport: pedestal-top intrinsic rotation.
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Description

Results

TCV is well-suited to investigateRX -dependent edge rotation.
Extreme geometric flexibility:

I Vary R
X

from inner to outer wall
I Both LSN and USN

Diagnostic NBI for CXRS on C6+:
I applies negligible torque (⇠1%tint)
I LFS & HFS viewing chords
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Parameter ranges for this experiment:
X-point major radius (R

X

) 0.675–1.085m

Major radius (R
0

) 0.88–0.89m

Minor radius (a) 0.22–0.23m

Edge safety factor (qeng) 3.6–4

Plasma current (I
p

) 150–155kA

Electron density (n
e,avg) 1.4–2.2⇥1019m�3

Elongation (k) 1.35–1.45

Triangularity -0.3 –+0.4 Figures from A. Bortolon
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Description

Results

Discharges with RX from inner to outer wall, LSN and USN.

R̄X=−0.75 R̄X=−0.23 R̄X=+0.30 R̄X=+0.87

R̄X=−0.80 R̄X=−0.30 R̄X=+0.35 R̄X=+0.86
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Discharges with RX from inner to outer wall, LSN and USN.

R̄X=−0.75 R̄X=−0.23 R̄X=+0.30 R̄X=+0.87

R̄X=−0.80 R̄X=−0.30 R̄X=+0.35 R̄X=+0.86
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Results

Changing R̄X indeed shifts the boundary rotation, shifting
the whole rotation profile with it.
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Changing R̄X indeed shifts the boundary rotation, shifting
the whole rotation profile with it.
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Theory-Experiment agreement is surprisingly good.

Roughly linear dep of vexp on R̄
X

.
I Counter-current for large R̄

X

.
Reasonable fitting parameters:

I d
c

⇡ 1.1: outboard ballooning
I L

f

⇡ 4.1cm ⇡ 1.5L
Te

I L
f

⇡3.8cm from LP meas
I L

f

⇡ 1–2L
Te

on other expts
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The basic trend holds for alternate radial positions.
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Core rotation reversal seems to have little effect on edge rotation.

Spontaneous core rotation reversal
well-known on TCV (Bortolon et al
PRL 2006)

Accidentally triggered reversal in shots
48152–48153, due to larger I

p
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Can transport-driven SOL flows drive rotation in the
confined plasma?
Intrinsic rotation velocity is determined by vanishing momentum flux.
Although transport-driven toroidally-asymmetric flows exist in the theoretical
calculation, they do not drive rotation at the boundary with the core plasma.
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Favorable/unfavorable —B comparison can clarify physics.
Reverses transport-driven flows but not orbit shifts and their flows.
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Rotation data consistent with dominant drive by orbit shifts.
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Do orbit losses explain rotation at the core-edge boundary?Nucl. Fusion 49 (2009) 085020 J.S. deGrassie et al

midplane to the vicinity of the X-point. The barely trapped
orbit (circle) (red online) spends the most time ‘falling’ and
thus determines the lower energy boundary of this part of the
loss cone. The more deeply trapped orbit (cusp) (blue online)
has greater energy and thus a greater vertical drift velocity to
escape after just the outboard leg of the orbit. The inboard
co-Ip velocity ion (green online) is a mirror situation to the
second orbit, but the magnetic well force accelerates this ion
along the flux surface from inboard to outboard whereas the
outboard ion (blue online) is decelerated moving inwards in
R. If a guiding centre orbit is computed for each of these three
orbits with the initial parallel velocity reflected, the resulting
collisionless orbits are confined because then the drift velocity
moves each ion away from the LCFS as it circulates in the
opposite direction poloidally.

We derive in appendix A the approximation used here to
compute the guiding centre loss-orbit boundaries in velocity
space. These boundaries are computed for deuterium ions
starting at midplane locations, both outboard and inboard. The
pitch angle in velocity space is p, defined by V∥ = V⃗ ·B⃗/|B⃗| =
|V⃗ | cos(p) and the pitch angle at the starting midplane location
is p1. Given the B⃗ and I⃗p directions in figure 8, a counter-Ip

initial V∥ lies in the region 0 < p1 < π/2. In relation to
the toroidal velocity, Vφ , we have Vφ

∼= −V∥. The computed
kinetic energy, pitch angle loss boundaries for this discharge
shape and conditions are plotted in figure 9. The horizontal,
kinetic energy axis is shown in terms of the scaled variable
αE , where αE ≡ W0/Wloss and Wloss ≡ Mω2

θ&
2/2. Here,

W0 is the initial kinetic energy of the ion, ωθ is the cyclotron
frequency in the poloidal magnetic field at the starting location
and & is the midplane radial distance between the LCFS, at
RL, and the starting location, R1, & = RL − R1.

Orbits which are started in the shaded regions of the phase
space shown in figure 9 are lost near the X-point. The lost co-
Ip going ions, p1 > π/2, start from the inboard side, as the
trajectory with diamond symbols (green online) in figure 8.
The initial counter-Ip going ions start outboard and are shown
by the shaded regions with p1 < π/2, as for the circle (red
online) and cusp (blue online) symbol orbits in figure 8. The
starting (αE , p1) values for these three orbits from figure 8
are shown in figure 9 by the equivalent symbols. The guiding
centre computations were selected to show some orbits near
the boundaries in this phase space. Two limiting values of p1

are indicated in figure 9. The trapped/passing boundary is at
p1 = pt and at p1 = px an outboard starting orbit is trapped
with turning point at the major radius of the X-point, RX. More
deeply trapped ions, π/2 > p1 > px , do not reach the X-point
and in our approximation are not lost since we do not consider
loss at any other boundaries.

The ‘finger’ region for outboard, counter-IpV∥ ions
typically dominates the low collisionality loss cone. This is
the region with pt < p1 < px in figure 9. This region is
qualitatively seen in an analytic calculation by Hinton and
Chu [54] using a very idealized model for trapped and passing
ion drift orbits. The numerical results of CM [55] show the
loss cone to be essentially that of figure 9 for p1 < π/2.
The energy loss parameter used by CM is W0/&

2. Likewise,
figure 2 of Miyamoto [56] with parameter φ̃ = 0 (i.e. E = 0)

qualitatively shows our finger-like loss region reflected about
the αE = 0 and then rotated by 90◦. The outboard loss region

G.C. orbits
D+
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be lost, 
co V// confined
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Figure 8. Equilibrium flux surfaces for discharge discussed in
figures 1–5. Counter-Ip V∥ outboard loss orbits (circle, cusp).
Co-Ip V∥ inboard loss orbit (diamond). These are guiding centre
orbits computed with the full equilibrium fields determined with
EFIT. (Colour online.)

that extends to the lowest, threshold αE for loss, αE = αE min,
in figure 9 (red online) is for those trapped orbits that have
made a turn inside Rx and are lost on the way back out. The
other outboard loss region (blue online) is for orbits lost on
the first encounter with R = Rx . This threshold αE min is
roughly a factor of 2 smaller than the lowest αE for the inboard
loss, at p1 = π/2. However, in absolute terms for the kinetic
energy, W0, the inboard loss threshold requires an additional
factor of ∼4 greater than for the outboard threshold. This can
be seen by noting that Wloss ∼ M[(Ze/M)&ψ/R]2, where
&ψ is the starting distance from the edge measured in ψ and
Z is the ion charge number. For two orbits starting on the
same ψ surface the inboard Wloss exceeds the outboard value
by (RL-out/RL-in)

2 ∼ 4. So, for a Maxwellian distribution
of ion kinetic energies the inboard orbit loss is negligible
compared with the outboard orbit loss. And the outboard loss
is dominated by the finger region for low collisionality orbits.

H-mode discharges exhibit a negative well in E in
the pedestal region [44, 58]. CM determined the effect of
this E-well on the finger region of the loss cone using
orbit computations with spatially parabolic and linear electric
potential models [55], and Miyamoto [56] incorporated a linear
potential model in an analytic formulation. The loss boundary
minimum for αE min, the finger tip in figure 9, moves down
towards 0 pitch angle as the well depth is increased because
an ion with fixed energy requires more initial parallel velocity
to climb out of the potential well. However, we neglect this

8
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Figure 9. Velocity space loss cone computed with analytic
approximation given in appendix A. Starting pitch angle, p1, versus
αE parameter. Orbits with p1 < π/2 have counter-Ip V∥. The filled
in symbols are the starting conditions for the three orbits with the
same open symbols shown in figure 8. The trapped/passing
boundary is at p1 = pt and at p1 = px an outboard starting ion will
have a trapped turning point at R = Rx , the major radius of the
X-point. (Colour online.)

effect for the intrinsic rotation discharge conditions described
here for DIII-D, given the pedestal region measured Ti and the
depth of the computed potential well using the measured E

profile. For example, the potential well depth is ∼ 100 eV
while Ti ∼ 300 eV. With these conditions the electric well
modification to the loss cone is a first order correction. With
this approximation the kinetic energy of an ion is constant
along the trajectory. Neglecting this effect of the H-mode E

well on the thermal loss cone may not be valid for higher power
NBI-driven H-modes in DIII-D.

4.3. Computation of ⟨V∥⟩ for an empty loss cone

We assume an empty loss cone consisting of the outboard loss
finger region, approximated in pitch angle by pt < p < px .
For the lower boundary in kinetic energy for the loss region we
take a constant value, the value of αE min at the average pitch,
p̄1 = (pt + px)/2, which we define as αav

E = αE min(p̄1). Then
the velocity integration is taken to be from Vmin to ∞, where
Vmin =

√
2αav

E Wloss/M . The resulting formula for ⟨V∥⟩ is
given by equation (A-9) in appendix A, and is

⟨V∥⟩ =
−

√
2
π
V̄ (b + 1)e−b(x − r1)/2

D (b, x, r1)
, (1)

in the co-Ip direction, consistent with the leading minus sign.
Here, x = Rx/R1, r1 = R1in/R1, b = αav

E (Wloss/Ti), R1 is the
outboard surface midplane starting major radius and R1in is the
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Figure 10. Scaled distribution-averaged co-Ip velocity, −⟨V∥⟩,
computed with equation (1), versus Ti/Wloss, using the equilibrium
conditions shown in figure 8. (Colour online.)

inboard midplane major radius on the same flux surface. The
denominator, D, is given explicitly in appendix A, but differs
from unity by at most 10% for these DIII-D conditions.

In figure 10 we plot equation (1) as −⟨V∥⟩/
√

Wloss/M
versus Ti/Wloss using the values of R1in, Rx and R1 from the
discharge shape shown in figure 8. The approximate linear
increase in |⟨V∥⟩| with Ti is evident, with one factor of

√
Ti

from V̄ and roughly one factor of
√

Ti from the variation with
b in the lower energy limit of the integration in the region of
threshold kinetic energy for loss. In appendix A we show how
this universally scaled value of ⟨V∥⟩ changes with the major
radius of the X-point, Rx . However, the approximation that the
loss cone is empty may not necessarily quantitatively predict
⟨V∥⟩ with collisions included. Yet, it may be that the scaling
of the intrinsic velocity boundary condition, Vφ ∼ Ti, will hold
in the region of low to moderate collisionality. As a measure of
the relative collisionality we compute that ωbτi ≈ 1.5, where
ωb is the bounce frequency for a D+ ion near the top of the
pedestal in figure 3, with turning point just outside of R = Rx

and kinetic energy = Ti. The ion–ion collision time is τi.
A general scaling of this computed pedestal region intrinsic
velocity taken from approximating as linear the relation shown
in figure 9 is −⟨V∥⟩ ∼ εpTi/(Z'Bθ ), where εp ≪ 1 is a small
numerical value that accounts for the small fraction of velocity
space occupied by the loss cone.

In order to apply equation (1) to obtain an absolute
value for ⟨V∥⟩ we must know ', the distance between the
starting surface for the orbit and the LCFS. The sensitivity of
equation (1) to ' is significant within the assumed error in the
EFIT computation of RL, ±5 mm [45]. In figure 11 we plot Vφ

versus Ti using three values of RL with the starting location, R1,
that of the Vφ measurement channel at R = 2.265 m shown
in figure 2, which is at the top of the ion pressure pedestal.
The middle curve (red online) uses the EFIT-determined value
of RL0 = REFIT = 2.283 m, ' = 18 mm and the other
two curves are for RL = RL0 + 5 mm (orange online) and
RL = RL0 − 5 mm (green online), respectively. The measured

9

deGrassie et al NF 2009, Figs. 8–9

Ion orbit losses are one
way of looking at the
origin of the edge flow
layer. However, the effect
of the edge flow layer is
determined by momentum
transport physics.
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Theory

Experiment

Description

Results

Summary
I Simple theory for intrinsic rotation due to interaction of:

I spatial variation of turbulence
I different radial orbit excursions for co- and counter-current passing ions

I Predicted rotation depends strongly on R̄
X

I Performed series of Ohmic L-mode shots on TCV, scanning R̄
X

I Change of R̄
X

shifts entire rotation profile, fairly rigidly

I Experiment and theory appear fairly consistent
I vexp depends about linearly on R̄

X

, goes counter-current for large R̄
X

.
I Linear fit results in reasonable adjustable parameters d

c

, L
f

.
I Basic results hold for various alternate radial positions.
I vexp appears fairly insensitive to core rotation reversal.

I Possible further topics:
I E⇥B drift, collisions, real magnetic geometry and orbits/trapping
I Self-consistent calculation of turbulence properties: d

c

, L
f

, . . .
I Why is USN rotation more counter-current than LSN?
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